We have investigated the kinetics of human immunodeficiency virus (HIV) reverse transcription in infected T cells, using a synchronized, one-step, cell-to-cell infection model and quantitative PCR assays for the different DNA intermediate structures that are found sequentially during reverse transcription. Different efficiencies that might arise from the use of different primers and other PCR conditions were normalized by conversion of each PCR product signal to copy numbers by comparing with standards. After an initial lag period, the minus-strand strong-stop viral DNA was detected first. This was followed by the post-transfer newly extended minus-strand viral DNA and then by the plusstrand strong-stop DNA and fully extended minusstrand DNA. Kinetic data indicated that, once reverse transcription was initiated, the HIV reverse transcriptase synthesized minus-strand DNA at a rate of 150-180 bases/min, and that the first template transfer and the initiation of the plus-strand DNA synthesis imposed specific time delays. In contrast, minus-strand viral DNA synthesized after the second template transfer appeared at a time point very close to the time of the appearance of the last piece of DNA synthesized just before the second template switch, suggesting that the second switch occurred very rapidly. Taken together, our results define more accurately than was previously possible the rates of several of the steps in HIV reverse transcription in infected T cell lines and indicate different mechanisms for the two distinct template switches during retrovirus reverse transcription.
Introduction
One of the key early events in retrovirus replication is the reverse transcription of the single-stranded viral RNA into double-stranded DNA, which is catalysed by the virus-encoded reverse transcriptase. This process can be divided into several discrete steps: (i) synthesis of a short stretch of DNA ('the minus-strand strong-stop DNA') from the primer binding site (PBS) near the 5' end of one genomic viral RNA molecule, using a tRNA as primer; (ii) transfer of the minus-strand strong-stop DNA from the 5' end of the viral RNA to the 3' end of the same, or a second molecule of viral RNA; (iii) continued synthesis of the minus-strand DNA, accompanied by degradation of the RNA template by RNase H activity of the viral reverse transcriptase [this process leaves a polypurine tract (PPT) at specific sites in the 3' end of the viral RNA to serve as the primer for the synthesis of the plus-strand viral DNA using the minus-strand DNA as template]; * Author for correspondence. Fax + 61 8 228 7538. e-mail jmcinnes @ microb.adelaide.edu.au (iv) this newly synthesized short stretch of plus-strand DNA ('plus-strand strong-stop DNA') is then transferred from the 5' end to the 3' end of newly made, partially completed minus-strand DNA; (v) after the second template transfer, the remainder of the plusstrand DNA as well as the 3' end of the minus-strand DNA is synthesized, to yield a linear double-stranded DNA with all sequences in the viral RNA plus duplicated U3 and U5 sequences present in the long terminal repeats (for reviews see Varmus & Brown, 1989; Coffin, 1990; Li et al., 1993; Jones et al., 1994) .
Although these basic steps have been known for some time from studies of type C retroviruses [some aspects of these have recently been confirmed for the human immunodeficiency virus (HIV)] a detailed kinetic study to delineate the multiple events in this process has been lacking and the current data are highly controversial.
Studies on type C retroviruses showed that the first complete linear DNA molecules could be detected approximately 4 h after infection (Varmus & Swanstrom, 1984 , 1985 Varmus & Brown, 1989) . For HIV, our laboratory and others using one-step virus growth conditions showed by infection with either cell-free virus 0001-3007 © 1995 SGM or cell-to-cell transmission, that the complete linear HIV DNA molecules were also first detected by Southern blot at approximately 4 h post-infection (p.i.) (Kim et aI., 1989; Farnet & Haseltine, 1990 Sato et al., 1992; Barbosa et al., 1994) . These results seemed to correlate roughly with the estimated rate of retroviral DNA synthesis on an RNA template of approximately 2000 nucleotides/h (Varmus & Brown, 1989) . However, in vitro kinetic studies of HIV reverse transcription, using bacterially expressed, purified HIV reverse transcriptase and poly(A).(dT)20 as template, have yielded an estimated rate of DNA synthesis of 10-15 nucleotides/s or 36000-54000 nucleotides/h (Huber et al., 1989) . A similar in vitro primer extension experiment, using HIV reverse transcriptase but globin mRNA as template and oligo(dT)l 8 as primer with dNTP concentrations mimicking those in activated peripheral blood lymphocytes, reported a --, 130-fold lower rate of DNA synthesis of 280400 nucleotides/h (Gao et al., 1993) . In studies of infected cells, Stevenson et al. (1990) reported that within 30 min of the initial exposure to cell-free virus, nearly full-length HIV DNA (pol region) could be detected by PCR in infected MT2 cells. Zack and co-workers used PCR and primers specific for different regions of HIV DNA and showed that the minus-strand strong-stop DNA could be detected in both resting and activated lymphocytes at 2.5 h p.i., whereas full-length HIV DNA could be detected only in activated peripheral blood lymphocytes and only at 6 h after HIV infection (Zack et al., 1990 (Zack et al., , 1992 . A recent PCR-based study reported that viral DNA synthesis was completed 12 h to 16 h after HIV infection of a T cell line but required 36 h in primary human macrophages (Collin & Gordon, 1994) . All the above PCR-based studies used low multiplicity of infection, in the belief that the high sensitivity of PCR would allow a single cycle of viral infection in a minority of cells to be effectively analysed in a multi-round infection system.
We have previously developed a synchronized onestep cell-to-cell HIV infection model and we have used this model to investigate, in particular, viral reverse transcription in T cells following cell-to-cell HIV infection (Li et al., , 1994 Karageorgos et al., 1993) . In the present study, we report a quantitative PCR analysis of the kinetics of HIV reverse transcription in this model. In this study, PCR was employed essentially for its ability to quantify DNA structures heterogeneous in length but representing completion of each of the ordered sequence of specific steps during reverse transcription (Varmus & Brown, 1989; Zack et al., 1990; Li et al., 1993) . Different efficiencies arising from using different primer pairs and other PCR conditions were normalized by conversion of each PCR product signal to copy numbers by comparison with known standards. Our results demonstrate that even following cell-to-cell transmission of HIV infection, during which the production of mature virions and the early steps of virus attachment and penetration into the susceptible cells may be bypassed Sato et al., 1992; Li et al., 1994) , there still is a considerable time delay in the initiation of minus-strand HIV DNA synthesis. A time delay was also found to be associated with the initiation of the plus-strand DNA synthesis and the first but not the second template transfer. These time delays constitute a large part of the overall time required for the completion of the fulllength double-stranded DNA. The rate of extension of growing HIV DNA strands in fully susceptible T cell lines was estimated at 150-180 nucleotides/min.
Methods
Cells and virus. HUT78 cells were obtained from the NIH AIDS Research and Reference Reagent Programme. H3B cells are a laboratory clone of H9 cells persistently infected with HIV . Briefly, H9 cells infected with the HTLV-IIIB strain of HIV were cloned by seeding single cells into microtitre plate wells containing uninfected H9 cells. One such clone was named H3B. H3B cells were CD4 negative; more than 95 % were HIV p24 antigen positive as judged by immunofluorescence and contained an average of two copies of integrated HIV proviral DNA per cell. No unintegrated HIV DNA was detected in H3B cells by Southern blotting and when tested by PCR, the extrachromosomal DNA from H3B cells contained HIV DNA gag sequences corresponding to one to two copies per 1000 cells, This amount of HIV DNA could be due to shearing of integrated HIV sequences in chromosomal DNA, or it may reflect a very low level of truly unintegrated viral DNA . In either case, this had no impact on the PCR analysis of the kinetics of reverse transcription (see below). H3B cells secreted 0.01 TCID~0 of free virus/cell/h into the tissue culture fluid.
Virus infection and preparation of extrachromosomal DNA. A onestep, synchronous cell-to-cell transmission model of HIV infection was modified and used in this study. Briefly, healthy growing HUT78 cells and H3B cells were washed and cocultured at a ratio of 1 : 2. At appropriate times after cell mixing, cells were harvested by low-speed centrifugation and extrachromosomal DNA was prepared by the Hirt procedure in the presence of 0.5 mg/ml Proteinase K (Hirt, 1967) . The Hirt supernatants were extracted twice with pheno~ chloroform-isoamyl alcohol, treated with RNase A at 100 gg/ml for 1 h at 37 °C, extracted with phenol-chloroform-isoamyl alcohol once more and precipitated with ethanol. The DNA sample was further treated with RNase H (Boehringer) at 20 U/ml, for 20 min at 37 °C, extracted again with phenol~zhloroform-isoamyl alcohol and ethanol precipitated. This procedure ensured that all RNA sequences, including RNA strands in the DNA/RNA hybrids that would be present in the early steps of reverse transcription, were eliminated. The purified DNA samples were then quantified by PCR.
PCR quantification of HIV DNA. Deoxyoligonucleotide primers were synthesized by Bresatec (Adelaide, South Australia) according to the sequence of HXB-2 clone (April version; Myers et al., 1990) . Their locations are depicted in Fig. 1 and their sequences in Table 1 . DNA samples from a total of ~ I0 ~ cells (i.e. 6.6x104 H3B+3.3x10 ~ HUT78 cells) at different times p.i., were amplified for 20-22 cycles on 
Results

Stepwise analysis of HIV reverse transcription prior to the second template transfer
As shown in Fig.l , the initial appearance of minusstrand HIV DNA (the minus-strand strong-stop DNA) would be detected by PCR using the primer pair R1/U5. This pair of primers would also detect all the subsequently elongated minus-strand HIV DNA species and also (by initiation from the opposite primer) the plusstrand DNA species synthesized from this later in the reverse transcription process. The primer pairs U3.1/U5 and U3. l/R2 would first detect the minus-strand DNA only after the completion of the first template transfer and the extension of the growing minus-strand DNA into the U3 region. These two pairs of primers would also detect all the subsequently transferred and elongated HIV DNA species. The primer pair U3.1/PBS1 would detect the completed plus-strand strong-stop DNA, which would first appear after the extension of the minus-strand beyond the 3' end PPT and the initiation at that site of the plus-strand DNA synthesis. This primer pair would also detect all the subsequently elongated viral DNA. The primer pair gagl/gag2 would only detect minus-strand HIV DNA when extension was almost complete; approximately 8000 bases would have to be added to the minus-strand viral DNA before it could be detected by this pair of primers. Eventually all the above primer pairs would detect completed DNA strands of both senses (and with some primers, at both ends of the completed proviral DNA). These effects are discussed in the relevant experiments below. The extrachromosomal DNA fraction, which would contain any viral reverse transcripts present, was extracted and purified from the virus donor cells (H3B), the virus recipient cells (HUT78) and from cultures at 0, 1, 1.5, 2, 2"5, 2.75, 3, 3.25, 3"5, 3"75 and 4 h after cell-tocell viral infection. These samples, each equivalent to 105 cells and from the same experiment, were simultaneously amplified by PCR using each of the five pairs of primers mentioned above in parallel with DNA copy number standards. Fig. 2 shows a set of five such PCR gels. This experiment was repeated three times and two different exposures taken on a PhosphorImager from each individual PCR gel. Fig. 3 shows the number of copies of each of the DNA species at each time point determined by comparing pixel readings with copy number standards run on the same gel. Conversion of each PCR signal (pixel readings on PhosphorImager) to copy numbers using copy number standards allowed us to compare different species of viral DNA detected by different primers. Different efficiencies in PCR arising from using different primers and other conditions were normalized, since any one pair of primers is expected to have the same efficiency while amplifying the sample or the standard DNA. In each of the five gels, the donor cells, the recipient cells and the cocultured cells at the time of cell mixing (0 h) and 1 h after cell mixing did not give any virus-specific PCR bands. After a variable initial 
R' US'
H lag period, a progressive increase in each of the specific viral DNA species occurred over time. The first appearance of the minus-strand strong-stop viral DNA at 0.3 copies/cell, as detected by the primer pair R1/U5, occurred 1.5 h p.i. (Figs. 2a and 3a) . Next, there seemed to be a temporary time delay associated with the subsequent first template transfer, because the newly extended minus-strand viral DNA following this transfer, as detected by the primer pairs U3. l/U5 and U3. l/R2, first appeared at a level of ~ 0.3-0.6 copies per cell, 2 h p.i. (Figs. 2b, c and 3b, c) . There seemed to be another time delay in association with the initiation and synthesis of the plus-strand DNA, since completed plus-strand strong-stop DNA at ~ 0.4 copies/cell, as detected by the U3.1/PBS1 primer pair, was not seen until 2.5 h p.i. (Figs 2d and 3d) . The near-fully extended minus-strand viral DNA at a reduced level of ~ 0.1 copies per cell, as detected by the gagl/gag2 primer pair, also first appeared 2"5 h p.i. (Figs 2e and 3e) .
By 4 h after cell-to-cell HIV infection, when every species of viral DNA was still increasing (without evidence of reaching a plateau), there were ~ 1"6 million copies of minus-strand strong-stop DNA detected by R1/U5 in 100000 mixed cells (66600 virus donor cells and 33 300 recipient cells). At the same time point, the copy number of the newly extended minus-strand DNA after the first transfer was estimated at ~ 1'2 million by PCR quantification using both the U3. l/U5 and the U3. l/R2 primer pairs. These results suggest a success rate for the first template transfer of ~ 70-80%. Considering that the lower copy number of the latter DNA species may also be due to delayed appearance of this species of DNA following the temporary arrest associated with the first template transfer, the actual success rate of the first template switch is expected to be higher than 70-80%. Similar arguments also apply to relevant analyses that follow. At 4 h p.i., the copy number of the complete plus-strand strong-stop DNA was estimated at ~ 400000. Comparison with the estimate of ,~ 1.2 million for the post-transfer and extended minus-strand DNA suggested a success rate of at least 30-35% for plus-strand DNA initiation and synthesis on the DNA template at the 3' end PPT site. However, unlike the DNA species detected by the previous three pairs of primers, which are present twice in the full-length HIV proviral genome and once in the double-stranded strong-stop DNA population (steps G and H in Fig. 1 , also see Li et al., 1993) , the species of DNA as detected by U3.1/PBS1 primers, appeared only once in the full-length HIV DNA and once in the doublestranded strong-stop DNA, hence the actual success rate for the initiation of plus-strand DNA synthesis is expected to be higher. The copy number of the near-fully extended minus-strand DNA as detected by the gagl/ gag2 primer, was estimated at ~ 500 000. Nominally, this is just over ~ 40 % of those DNA molecules (1.2 million) that had completed the first template transfer and extended to the U3 (detected by primer pairs U3. l/U5 and U3. l/R2). However, this gag sequence appears only once in the full-length HIV DNA, whereas sequences detected by either of the latter primers appear twice in full-length HIV DNA and also in double-stranded strong-stop DNA; thus the actual success rate of minusstrand DNA extension ~ 7500 bases from U3.1 position to gagl position should be significantly greater than the figure of 40 %. This is an indication that in activated T cells, at least in our HUT78/H3B experimental system, premature termination or drop-off of reverse transcripts are rare events.
Analysis of HIV reverse transcription immediately before and after the second template transfer
Based on experiments using spleen necrosis virusbased retroviral vectors but with different constructions and different selection procedures in helper cell lines, the first template transfer in retroviral reverse transcription (the transfer of the minus-strand strong-stop DNA) was thought to be exclusively intermolecular (Panganiban & Fiore, 1988) , either intermolecular or intramolecular (Hu & Temin, 1990) or completely intramolecular (Jones et al., 1994) . No detailed study is available, to the best of our knowledge, distinguishing inter-and intramolecular mechanisms for the first template transfer in HIV reverse transcription in virus-infected cells. Therefore we designed PCR primers which would cover different interand intramolecular events. Different consequences should be evident at and after the second template transfer depending on whether the first template transfer was inter-or intramolecular and whether the recipient RNA molecule in the intermolecular transfer event had also initiated reverse transcription in its 5' PBS-U5-R region within this time frame. Fig. 1 shows that if the first template transfer was intramolecular or intermolecular Step A, synthesis of minus-strand strong-stop DNA. Steps B and C, first template transfer. Steps D and E, extension of minus-strand DNA and synthesis of plus-strand strong-stop DNA. Steps F, G and H, synthesis of doublestranded (ds) strong-stop DNA.
Step I, second template transfer.
Step J, full-length dsDNA. Horizontal small arrows indicate deoxyoligonucleotide primers used in this study (see Methods). Details of the models shown in (a) and (b) are explained in the text. This diagram is adapted from Li et al. (1993) with permission. transfer to a RNA which has commenced reverse transcription (intermolecular 'hot switch'; Fig.l) the synthesis of the U5 and R regions in the 3' end of the minus-strand D N A would happen only after the second template switch when the transferred plus-strand strongstop DNA could act as template (step I in Fig.1 a) . Fig. 2 . Detection of viral DNAs that have completed a discrete reverse transcription step prior to the second template transfer. Extrachromosomal DNA samples from ~ 10 ~ mixed cells were amplified by PCR and virus-specific bands (arrowheads) were detected as described in Methods. Numbers above lanes indicate the time point (h p.i.) at which extrachromosomal DNA was prepared. Lane N, PCR negative control. Copy number standards at 0.2 million, 1 million and 2 million were as indicated. Track H3B: ~ l0 g virus donor cells. Lane HUT78, 10 s recipient cells. PCR primer pairs used: (a), R1/US; (b), U3. l / U 5 ; (c), U3. l / R 2 ; (d), U3.1/PBS1; (e), gagl/gag2. However, if the first template transfer was an intermolecular switch to a RNA which had not initiated minus-strand D N A synthesis (intermolecular 'cold switch'), then the synthesis of the U5 and R regions would occur as a continuation of the minus-strand D N A extension using RNA as template; this would not require Fig. 2 were exposed twice on a Phosphorlmager and their pixel readings were converted to copy number using copy number standards run on the same gel. Copy numbers (average _+ sD) were plotted against time (h p.i.) as detected by primer pairs R1/U5 (a), U3. I/U5 (b), U3. l/R2 (c), U3.1/PBS1 (at) and gagl/gag2 (e).
the second template transfer (steps D and E, Fig. 1 b) . In either model (Fig. 1 a or b) , the synthesis of the U3 regions at the 3' end of the minus-strand DNA must use the transferred plus-strand strong-stop DNA as template. In summary: (i) completed minus-strand viral DNA detected by primer pair PBS2/gag3 should appear with similar kinetics to that detected by primer pair gagl/gag2; (ii) if the first template transfer were intermolecular cold switch, completely extended minusstrand DNA detected by primer pair R3/gag3 should also appear with kinetics similar to (i); (iii) if the first transfer were intramolecular or intermolecular 'hot switch', and the second template transfer imposed a time lag (as seen with the first switch above), then the product detected by R3/gag3 should appear later than (i); (iv) if the second template transfer imposed a time lag the product detected by U3.3/gag3 would be expected to appear later than the above, regardless of whether the first switch were inter-or intramolecular. Given the rate of HIV reverse transcription outlined in the previous section, primer pairs U3.3/gag3 and U3.1/gag3 would probably detect HIV DNA with similar kinetic characteristics.
The above experiments using each of these pairs of primers (PBS2/gag3, R3/gag3, U3.3/gag3, U3.1/gag3) were performed, with the same labelled primer (gag3), as described in the previous section. Products detected with each of the four primer pairs first appeared at ~ 0" lq3-2 copies per cell 2"5 h p.i. and increased with very similar kinetics (Figs 4 and 5) . The copy number of viral DNA that had completed the second template transfer, as estimated by using U3.3/gag3 and U3.1/gag3 primer pairs, was 310000-340000 at 4h p.i., suggesting a nominal 80-85 % success rate for the second template switch compared to the estimated 400000 copies of the completed plus-strand strong-stop DNA at 4 h p.i. by using U3.1/PBS1 primers. As the U3.3/gag3 and U3.1/gag3 sequences are present only once in full-length DNA, whereas sequences prior to the switch (U3.1/PBS1) are also present in the double-stranded strong-stop DNA which accumulates in addition to the full-length product , the actual success rate for the second template switch is expected to be higher than 80-85 %. These results, together with the fact that all four primer pairs first detected viral DNA at similar copy numbers at the same time as the gagl/gag2 primers, which clearly detected viral DNA species prior to the second template transfer, indicated that these different primer pairs could not differentiate between the previously discussed intermolecular and intramolecular mechanisms for the first template transfer. This also implied that the second template switch occurred with a time lag so short that the current cell culture-based experimental system could not be used to measure it accurately. This finding suggested that the second template transfer may employ a different and more rapid mechanism in contrast to the first template transfer which imposed a significant delay.
O v e r v i e w o f r e v e r s e t r a n s c r i p t i o n k i n e t i c s f o l l o w i n g cellt o -c e l l H I V i n f e c t i o n
The above data demonstrated a time delay of 30 min between the first appearance of the minusstrand strong-stop DNA (as detected by R1/U5) at 1.5 h p.i. and the first appearance of the post-transfer, newly extended minus-strand viral DNA in similar copy numbers (as detected by U3. l / R 2 and U3. l/U5) at 2 h p.i. (Fig. 3) . This estimate was relatively crude because of the limited number of time points observed. On the other hand, when the overall kinetics were analysed (Fig. 6) , the positions of curves representing accumulation of each species of DNA indicated that the average time interval between the accumulation of equal copy numbers of the minus-strand strong-stop DNA (R1/U5) Fig. 4 were exposed twice on a PhosphorImager and their pixel readings were converted to copy numbers using copy number standards run on the same gel. Copy numbers were plotted against time (h p.i.) as detected by primer pairs (a) PBS2/gag3, (b) R3/gag3, (e) U3.3/gag3 and (d) U3. l/gag3. Fig. 3 (e), drawn with a different scale, is included as a comparison.
and the post-transfer, newly extended minus-strand viral DNA (average of U3. l/U5 and U3. l/R2) could be estimated more appropriately as 15-30 rain. Similarly, Fig. 6 also clearly demonstrated that the time delay associated with the initiation and synthesis of the plusstrand strong-stop DNA (detected by U3.1/PBS1) was more pronounced and could be estimated as 40-50 min in contrast to the crude estimate of 30 min based on the first appearance of each species (Fig. 3) . Based on the first appearance of the newly extended minus-strand viral DNA following the first template transfer (as detected by U3. l/U5 and U3. l/R2 at 2 h p.i.; Fig. 3 ), compared with either the near full-length minus-strand viral DNA ~ 7500 bases apart (as detected by gagl/gag2 at ,-~ 2-5 h p.i. ; Fig. 3 ) or full-length minus-strand viral DNA ~ 9000 bases apart (as detected by U3.1/gag3, also at ~ 2.5 h p.i.; Fig. 5 ), the rate of HIV reverse transcription could be estimated at 250-300 bases/rain, without consideration of the reduced copy numbers of the latter species. In contrast, based on the analysis shown in Fig. 6 , the time interval between accumulation of equal copy numbers of post-transfer, newly extended minus-strand DNA and the completed minus-strand viral DNA was estimated as ~ 50-60 rain. This translates into a more accurate rate of HIV reverse transcription in infected T cells of ~ 150~180bases/min. The above analysis could not distinguish whether or not this rate varied at different stages in the replication cycle.
Discussion
In this study, we have used a synchronized, one-step cellto-cell HIV infection model to study the kinetics of various steps in viral reverse transcription, Possible sources of error in the use of PCR were overcome in two ways. Firstly, systematic differences in PCR efficiency between different primer pairs (e.g. due to primer annealing rates, product elongation rates etc.) and other reaction conditions were overcome by conversion of each PCR product signal to a copy number value based on results with DNA copy number standards using identical primers and reaction conditions. Secondly, random variation between identical reactions was assessed by performing assays in triplicates and calculating the mean value+sD of each assay. In other studies using synchronized one-step growth conditions in a fully permissive infection, newly synthesized HIV and other retroviral DNA have been first detected ,,~ 4 h after infection. Most of these one-step viral infection studies were based on Southern blot analysis of the unintegrated viral DNA. This means that only discrete length, in most cases the full-length, DNA was analysed. Apart from the strong-stop DNA species, the intermediate reverse transcripts, by definition, are heterogeneous in length and thus unsuitable for Southern blot analysis. In contrast, reports based on PCR using tow multiplicity of infection model systems have given variable results. However, PCR, in addition to its high sensitivity as a nucleic acid detection technique, is able to generate discrete length sequences from a unique group of DNA molecules heterogeneous in length. We thus combined a classical one-step viral infection model with this versatile technique. We have intentionally restricted our PCR to a relatively low number of amplification cycles (2~22 cycles) and applied relatively large numbers of cells (105 ) in each sample, with the aim of achieving results as consistent and reproducible as possible. Fig. 6 shows an overview of the kinetics of viral DNA synthesis as detected by each of the nine pairs of primers used in this study.
Our results demonstrate that each of the intermediate reverse transcript species described above were synthesized de novo in our experimental system, because the virus donor cells, the recipient cells and infected mixed cells in the first 1 h p.i. never contained unintegrated viral DNA detectable with the techniques used. This is important because partially reverse transcribed viral DNA intermediates have been found in the virions of retroviruses, including HIV (Biswal et al., 1971 ; Deeney et al., 1976; Byers et al., 1979; Lori et al., 1992; Trono, 1992; Zhu & Cunningham, 1993) and may have led to unexpected findings in several recent reports. For example, minus-strand strong-stop DNA, but not near full-length DNA, has been found by PCR in infected cells in the presence of two reverse transcriptase inhibitors at high concentrations, even when a DNasetreated virion inoculum was used (Zack et aI., 1990) . Similarly, this virion DNA may be responsible for the extremely early detection of near full-length HIV DNA (pol sequence) at 30 min after initial exposure of MT2 cells to HIV (Stevenson et al., 1990) . Likewise, the high copy number of the early DNA species at the time of infection (0 h) reported by Collin & Gordon (1994) might also be due to virion DNA. In contrast, our results identify an initial lag period of ~ 1-5 h required for initiation of the reverse transcription process and the first detection of ~ 0.3 copies of minus-strand strong-stop DNA per cell. This initiation may include fusion of the viral donor and recipient cells, conformational or structural alterations to the viral nucleocapsid, a correctly orientated RNA secondary structure and the interaction of this structure with viral reverse transcriptase and the tRNA primer and possibly other viral and cellular proteins, leading to the activation of the reverse transcription process (Aiyar et al., 1994; Li et al., 1994) .
In this study, we also detected time delays associated with the first template transfer and the initiation of plusstrand HIV DNA synthesis. The first template transfer is thought to need RNase H activity to generate a single strand overhang in the R region of the minus-strand DNA. There is also evidence that the R region DNA may or may not be complete, suggesting that premature strand transfer may occur (Klaver & Berkhout, 1994) . However, the actual transfer reaction has been reported not to require the RNase H domain, and an unidentified functional activity of the viral reverse transcriptase has been suggested as being responsible for the strand transfer (Buiser et al., 1991) . Other viral proteins such as the nucleocapsid protein, have been reported to activate the first template transfer in Moloney murine leukaemia virus reverse transcription (Allain et al., 1994) . For HIV, it has been reported that purified HIV reverse transcriptase alone could catalyse the template transfer reaction in vitro (Peliska & Benkovic, 1992) . Our results identify a time delay for the first template transfer in vivo that requires further study. The initiation of plus-strand HIV DNA synthesis may start at either the 3' PPT or the central PPT (Pullen & Champoux, 1990; Charneau & Clavel, 1991; Charneau et al., 1992) . In our current experimental design, only the initiation and synthesis of the complete plus-strand strong-stop DNA from the 3' PPT could be detected by the U3.1/PBS1 primers. The plus-strand DNA that might have initiated at the central PPT would not include the PBS sequence as the viral reverse transcriptase would have cleaved the tRNA upon the completion of the plus-strand strong-stop DNA (Fig.  1 , steps E and F). The generation of the PPT primer from the viral RNA is a pre-requisite for the initiation of plusstrand DNA synthesis and involves cleavage by the viral reverse transcriptase. In vitro studies of the processing of the PPT primer have shown that the RNase H activity of the HIV reverse transcriptase cleaved the viral RNA into multiple fragments but only two primers that comprised the near entirety of the PPT could be extended (Huber & Richardson, 1990) . This would partly explain the time delay associated with the initiation and synthesis of plusstrand strong-stop DNA.
We further showed that in the current experimental system, DNA species clearly synthesized after the second template switch appeared at the same time and increased with kinetics similar to those of DNA species clearly synthesized before the second template switch, regardless of the intra-or intermolecular mechanisms for the first template switch (Fig. 6) .
Although this implicates a more rapid second template transfer as compared to the first one, it could also be envisaged that the denaturing and re-annealing processes involved in the PCR might have artificially facilitated the second template transfer. For example, the plus-strand strong-stop DNA in step E in Fig. 1 might be denatured from its native structure during PCR and then annealed to the 3' end of the minus-strand DNA and elongated, despite the fact that the second template switch may not have taken place in vivo in the sample being examined. To test this possibility, we performed a control experiment in which DNA samples from different time points p.i. were denatured and annealed for 20 cycles using identical PCR conditions but without primers (so there was no amplification of discrete length DNA product). Primers were then added and amplification was allowed for another 20 cycles. No increased signals using R3/gag3 or U3.1/gag3 primers were detectable when compared to a normal PCR (data not shown). We thus believe that the above evidence for a rapid and efficient second template transfer reflects in vivo events rather than experimental artifact.
In summary, we have measured the in vivo kinetics of a number of the different discrete steps that take place during HIV reverse transcription. In our model system, the initial lag period before the start of reverse transcription and time delays associated with the first template switch and initiation and synthesis of the plusstrand strong-stop DNA constituted a large part of the time taken for the first appearance of full-length linear DNA. The second template transfer was found to be more rapid than the first one and apparently did not impose a temporal arrest on the reverse transcription process. The rate of HIV minus-strand DNA synthesis in T cell lines was estimated at 150-180 bases/min or 50-60 min for synthesis of 9000 bases. If we allow another 50-60 min for the synthesis of the major part of the plus-strand DNA, the first appearance of doublestranded full-length DNA might be expected at 3.5-4 h p.i., in agreement with the Southern blot-based kinetic studies on type C oncoviruses and HIV using one-step infection models. The rate of reverse transcription in different cells may vary, depending on cell types and activation status of the cell and is linked to the levels of deoxynucleotides in the cell (Zack et al., 1990; Munis et al., 1992; Gao et aL, 1993; Coltin & Gordon, 1994; Krogstad et al., 1994) . We believe a one-step model is more suited to kinetic analyses of replication events at the cellular level. Further detailed studies, using optimal experimental model systems, on viral reverse transcription and other early events in the HIV replication cycle may hold promise for better understanding and control of HIV infection.
